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Recent studies have shown that the magnetic properties of the ferromagnetic perovskite oxide La,;3Sr;;3MnO3
(LSMO) grown on an SrTiO; (STO) substrate, such as its magnetic moment and Curie temperature, can be
improved by releasing the film from the substrate. However, the microscopic origin of this enhancement is not
yet well understood. In this study, we use synchrotron radiation measurements to investigate the mechanism of
ferromagnetism enhancement in an LSMO membrane released from an STO substrate by dissolving a water-
soluble SrsAl,O7 buffer layer. Using resonant photoemission spectroscopy on the as-grown LSMO film and
LSMO membrane, we elucidate that the strain release from the STO substrate enhances the itineracy of the
Mn-3d electrons via p-d hybridization, and this strengthens the double-exchange interaction. The reinforcement
of the double-exchange interaction, in turn, improves the ferromagnetism of LSMO.
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I. INTRODUCTION

Perovskite oxides have attracted significant attention due
to their rich properties and potential device applications
[1-4]. In particular, La;_,Sr,MnOj is a promising ferromag-
net due to it having a Curie temperature (7¢) above 300 K
and exhibiting half-metallicity [5,6]. The ferromagnetism of
La;_,Sr,MnOs is based on the double-exchange interaction
within Mn3*-O-Mn** [7]: Mn 3d electrons hop to the neigh-
bor Mn ions through the O ion between them and align
the spin direction of the Mn ions. The Mn 3d electrons
are responsible for the transport and magnetic properties.
Some experimental studies have demonstrated the excel-
lent performance of La;_,Sr,MnQO3-based spintronic devices;
specifically, an extremely high tunnel magnetoresistance ratio
of ~1900% has been found in Lay;3Sri;3MnO; (LSMO)-
based magnetic tunnel junctions [8,9], and a giant spin-valve
ratio of 140% has been reported in La;_,Sr,MnQOj3-based
lateral spin metal-oxide-semiconductor field-effect transistor
devices [10]. However, these outstanding features appear only
at low temperatures since the magnetization and conductivity
of La;_,Sr,MnOs; are significantly reduced near interfaces
with other perovskite oxides [11,12]. This interface layer is
called the “dead layer.”

The origin of dead layers has been attributed to vari-
ous interfacial effects such as strain and oxygen octahedral
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rotation [13—15]. Recently, epitaxial lift-off of La;_,Sr,MnOj3
thin films from a substrate using a water-soluble sacrificial
buffer layer, such as Sr3Al,O¢ and Sr4Al,O7, has attracted
substantial interest as a promising approach to solving the
dead-layer problem [16-21]. Some studies have reported that
the magnetization and/or T¢ values are improved [16,18,20—
22], and the perpendicular anisotropy is enhanced, and the
dead layer is reduced [18,21] by the epitaxial lift-off. For
device applications, it is essential to understand the mech-
anism of the enhancement of ferromagnetism by epitaxial
lift-off.

In this study, we investigate the relationship between the
magnetism and electronic structures of an as-grown LSMO
film and an LSMO membrane to consider the mechanism
of ferromagnetism enhancement in the LSMO membrane.
Resonant photoemission spectroscopy (RPES) is used to
measure the occupied Mn-3d partial density of states (PDOS)
[23-25], and x-ray absorption spectroscopy (XAS) is used
to study the unoccupied Mn-3d states [26,27]. Here, we
focus on the electronic structure of not the dead layer but
LSMO itself. There have been no reports on RPES of LSMO
membranes, while the strain effects on the properties of the
LSMO films on substrates have been studied for several
decades [28-30]. The RPES spectra of the LSMO membrane
show more itinerant features of the Mn-3d electrons than
those of the as-grown LSMO film. Our findings suggest that
strain release as a result of the epitaxial lift-off enhances the
p-d hybridization and improves the itineracy of the Mn-3d
electrons, which in turn reinforces the double-exchange
interaction.
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FIG. 1. (a) Schematic illustration of the cross-sectional structure (upper panel) and AFM image (lower pannel) of the as-grown LSMO
film. (b) Schematic illustration of the cross-sectional structure (upper panel) and AFM image (lower pannel) of the LSMO membrane. (c)
Microscope image of the LSMO membrane transferred to a p-Si substrate. (d) Enlarged microscope image of (c). (¢) HAADF-STEM lattice
image of the membrane with the electron beam azimuth along the [100] direction of LSMO.

II. EXPERIMENT

We epitaxially grew a heterostructure composed of LSMO
(30 unit cells ~12 nm)/Sr4Al,O7 (17 nm) on an SrTiO3 (STO)
(001) substrate by molecular beam epitaxy [Fig. 1(a)]. The
detailed growth conditions were the same as those described
elsewhere [21]. Sr4Al,O7 has the advantage of a ten times
higher water-dissolution rate than Sr3Al,O¢ [31]. To transfer
the LSMO layer onto a p-Si substrate [16], we attached a
polydimethylsiloxane (PDMS) film to the as-grown LSMO
surface and immersed the sample in deionized water for one
day. After dissolving the SryAl,O7 layer, we adhered the
LSMO surface to the p-Si substrate by heating it for 10 min at
70 °C. By releasing the PDMS film, the LSMO membrane was
transferred onto the p-Si substrate [Fig. 1(b)], as shown in the
microscope image of Fig. 1(c). The atomic force microscopy
(AFM) measurements show the atomically flat surfaces with
a root-mean-square of 0.18 nm for the as-grown film [lower
panel of Fig. 1(a)] and 0.44 nm for the membrane [lower
panel of Fig. 1(b)]. The membrane was cracked, and the
domain size was several hundred um [Fig. 1(d)]. As shown
in the cross-sectional high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of
the membrane [Fig. 1(e)], each domain is a single crystal.
The as-grown LSMO film is fully tensile strained, and the
in-plane and out-of-plane lattice constants are 3.91 A (the
same as that of the STO substrate) and 3.85 A, respectively; in
contrast, the LSMO membrane is epitaxial-strain free and the
lattice constants are the same as those reported for an LSMO
single crystal [21]. By the STEM image of the as-grown film
[21] and membrane [Fig. 1(e)], the ratio of c/a (out-of-plane
lattice constant/in-plane lattice constant) is estimated to be
0.97 £0.01 for the as-grown film and 1.00 & 0.01 for the
membrane. The change of the lattice constant of LSMO is
observed both microscopically (STEM) and macroscopically
(x-ray diffraction). The saturation magnetization at 5 K and
the Tc value of the LSMO membrane (as-grown LSMO film)
are 3.2 ug/Mn (2.0 up/Mn) and 323 K (312 K), respectively
[21].

We performed XAS and RPES experiments at beamline
BL25SU of SPring-8 [32,33]. The measurements were con-
ducted under an ultrahigh vacuum below 2.0 x 10~ Pa at
77 K. The angle between the hemispherical analyzer and
the incident x rays was set at 90 °. For the measurements,

the sample was irradiated at an angle of 7° from its surface
with a circularly polarized x-ray beam with its photon energy
(hv) varied from 630 to 680 eV. The total energy resolution,
including thermal broadening, was about 100 meV. The beam
spot size was about 10 x 7 um, which was quite smaller
than the domain size of the membrane. We confirmed that the
photoelectron flux hardly changed when the sample position
was moved in the range of several tens um near the center of
the measurement position. We determined the Fermi level (Ef)
positions in the RPES spectra by measuring the Fermi-edge
position of a deposited Au film in electrical contact with each
of the samples. Mn L; XAS spectra were obtained in the
total-electron-yield mode. Note that the transfer process does
not dramatically change the electronic structure near the film
surface [34].

III. RESULTS AND DISCUSSION

We studied the Mn-3d electronic structures of the as-grown
LSMO film and LSMO membrane using the XAS and RPES
measurements. The XAS spectra at the Mn L3 absorption edge
originate from electron excitation from the Mn-2p;3,, states
to the unoccupied Mn-3d states. The obtained XAS spectra
for the as-grown film [right panel of Fig. 2(a)] and membrane
[right panel of Fig. 2(b)] were found to have similar spectral
shapes to those previously reported for LSMO films [35-39];
those shapes reflect the mixed valence states between Mn>+
and Mn**.

To study the occupied Mn-3d electronic structures, we
measured the #v dependence of the RPES spectra at the Mn Ls
absorption edge [left panels in Figs. 2(a) and 2(b)], where Ejp
represents binding energy. The used hv values are expressed
by the horizontal broken lines drawn on the XAS spectra in the
right panels of Figs. 2(a) and 2(b). Resonance enhancement
of the RPES signal occurs at above hv = ~639 eV, while
the spectra taken at hv = 637.5 eV for the as-grown film and
637.4 eV for the membrane are not enhanced. Here, we refer
to those spectra (taken with Aiv = 637.5 and 637.4 eV, black
bold curves) as the off-spectra. The RPES spectra have peaks
whose positions depend on hv (shown with triangles as guides
to the eye) and those whose positions do not depend on Av
(black dashed vertical lines). The former and latter represent
the Auger components and Mn-3d-related states, respectively.
The Mn-3d-related components taken at hv = 641 eV of
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FIG. 2. RPES (left panels) and XAS (right panels) spectra at the
Mn L; absorption edge of (a) the as-grown film and (b) the mem-
brane. The vertical broken lines and triangles are guides of the Mn
3d-related components and the two Auger components, respectively.
The dotted horizontal lines on the XAS spectra of the right panels
represent the hv values that were used for measuring the RPES
spectra.

the membrane are different from those of the as-grown film,
which are discussed later (see the green lines).

To emphasize the resonantly enhanced components, we
plot the second-derivative mappings of the difference spectra
between the off-spectra and the RPES spectra taken at various
hv values, as shown in Figs. 3(a) and 3(b). The mappings show
several Mn-3d-related components (green dashed lines) and
two Auger components (red dashed lines). The Auger compo-
nents, especially the component represented by the red dashed
bold line, are a little more distinct in the LSMO membrane
than in the as-grown film. Generally, the Auger components
are observed when electrons that are excited from Mn-2p
states to unoccupied 3d states relax to different states before
compensating for the Mn-2p hole formed by the excitation
[40-42]. Thus, the Auger components reflect the degree of the
delocalization of photoexcited Mn-3d electrons. Our results
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FIG. 3. Second-derivative mappings of the difference spectra be-
tween the off-spectra and RPES spectra [see Figs. 2(a) and 2(b)]
for (a) the as-grown film and (b) the membrane. The dashed green
and red lines represent the Mn 3d-related components and Auger
components, respectively.

suggest that the Mn-3d electrons in the membrane are more
itinerant than those in the as-grown film; as such, the enhance-
ment of the itineracy is consistent with the improvement of the
conductivity by the epitaxial lift-off [16].

To strengthen the evidence for this scenario, we examined
the Mn-3d-related states of the as-grown film [Fig. 4(a)] and
membrane [Fig. 4(b)] using the difference spectra between the
off-spectrum and RPES spectra (at hv = 641 and 642.5 eV).
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FIG. 4. Difference and off-spectra of (a) the as-grown film and
(b) the membrane. The purple and green curves were obtained by
subtracting the off-spectra from the purple (hv = 642.5 eV) and
green (hv = 641 eV) RPES spectra in Figs. 2(a) and 2(b), respec-
tively. The off-spectrum of the membrane is multiplied by 3.
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FIG. 5. Comparison between the XAS and CIS spectra at the Mn
L; absorption edge of (a) the as-grown film and (b) the membrane.
The blue and yellow CIS spectra were taken at structure C and
near Er (Ep = 0.25 eV), respectively. The black and gray curves
represent the Mn L; XAS and the second derivative of the XAS
spectra, respectively.

There are five structures, labeled A-E, assigned to the Mn-3d
e, band, the Mn-3d 1,, band, the O-2p-derived mixing state
composed of O 2p and Mn 3d, the Mn-3d-,,-O-2p bonding
state, and the Mn-3d-e,-O-2p bonding band [23,43]. At hv =
642.5 eV, the difference spectrum of the membrane has a spec-
tral shape similar to that of the as-grown film. In contrast, the
difference spectra taken at hv = 641 eV substantially differ in
shape; the membrane has larger intensities at structures C and
D than at structures B and E, while the as-grown film shows
the opposite trend. Since structure C mainly derives from the
0-2p states mixed with the Mn-3d states [44], the observed
difference indicates that the membrane has a stronger mixing
of Mn-3d and O-2p electrons through p-d hybridization than
the as-grown film.

To analyze the behavior of the resonance enhancement,
we plot the constant-initial-state (CIS) spectrum, which is
a plot of the RPES intensity at constant Ep as a function
of hv. Figures 5(a) and 5(b) show the CIS spectra near Ep
(Eg = 0.25 eV; see the arrows in Fig. 4) and at structure C
(Eg = 3.4 eV for the as-grown film, and Ep = 3.5 eV for the
membrane). Since the resonance enhancement is roughly pro-
portional to the intensity of the super-Coster-Kronig (SCK)
decay involved in the x-ray-absorption process [45], the CIS
spectra have similar spectral shapes to the XAS spectra. Ac-
tually, in Figs. 5(a) and 5(b), the peak positions of the CIS
spectra (around 640.2, 641, and 642.5 eV; see the broken
vertical lines) are close to the shoulder and peak positions
of the Mn L3 XAS spectra (black and gray curves). The CIS
spectra near Er and at structure C have similar shapes to the

Mn3+ and Mn** L3 XAS spectra, respectively [35,46]. Thus,
in the Mn L3 XAS spectra, the shoulder at hv = ~640.2 eV
and peak at hv = ~642.5 eV mainly originate from Mn3*,
and the shoulder at hv = ~641 eV is induced by Mn**. The
Mn**-like feature of the CIS spectrum at structure C can be
attributed to the stronger O-2p-Mn-3d hybridization of Mn**+
than that of Mn** due to the negative charge-transfer energy
between Mn** and O%>~ ions [47-49]. The Mn3*-like shape
of the CIS spectra near Ep is explained by the PDOS near Ep
derived from the e, electrons of Mn. The distance between the
peaks of the CIS spectrum near Ef is 2.4 eV, as illustrated by
the red arrow in Fig. 5(b). This value is consistent with the
energy difference (2-3 eV) between the egy and tp, -derived
states, where 1 and | denote the majority and minority spins,
respectively [44,50,51]. Thus, the resonant enhancements at
hv = ~640.2 eV and 642.5 eV occur in the following pro-
cesses (1) and (ii), respectively:

(i) Mn2p® 3d* (13, ey,) + hv — Mn2p° 3d3(3,,) + ¢~
(direct photoemission)
Mn2p0 3d* (15, egr') + hv — Mn2p° 3d°(13,, €2,) —
Mn2p° 3d3(t23g¢) + ¢~ (SCK decay);

(i) Mn2p® 3d4(t§gT egl'T) + hv — Mn2p® 3d3(t23gT) +e
(direct photoemission)
Mn2p° 3d4(13,4 egy) +hv — Mn2p’ 3d°(13,, ey, 1y,) —
Mn2p° 343 (tggT) + ¢~ (SCK decay).

The influence of strain release and the associated band-
structure change are apparent in the CIS spectra near Ef in
Figs. 5(a) and 5(b), in which it can be seen that the membrane
has sharper structures than the as-grown film. The as-grown
film is under tensile strain, and the membrane has the same lat-
tice constants as single-crystal LSMO [21]. In single-crystal
bulk LSMO, the lattice is under rhombohedral distortion and
has D3, symmetry without the Jahan-Teller (JT) effect [5,52].
Similarly, the LSMO membrane has D3, symmetry, splitting
the #,, state into the a;, and twofold-degenerate e;’ states,
and the e, state remains twofold degenerate [right panel of
Fig. 6(a)]. Meanwhile, for the as-grown LSMO film, due to
the tensile strain (and the JT effect for Mnt), LSMO has
Dy, symmetry, splitting the e, state into the a; (d3,2_,2) and
by (dy_y2) states, and the fp, state to the e and b states
[left panel of Fig. 6(a)]. The CIS spectra near Er reflect the
unoccupied Mn-3d states. Thus, for the as-grown film, the
splitting of the unoccupied states makes the spectrum broader
[see Figs. 5(a) and 6(a)]. The shape of the CIS spectrum at
structure C for the as-grown film is relatively similar to that
for the membrane. In the O-2p-Mn-3d hybridized states, the
broadness of the O-2p states, whose energy scale is much
larger than the band modulation by strain, probably leads to
the observed insensitivity to epitaxial strain.

Due to strain release, the epitaxial lift-off shifts the Ep
position from the b; (and a;) state for the as-grown film
to the e, state for the membrane [Fig. 6(a)] [27,53,54].
Thus, in the membrane, d,>_,» and ds>_,» electrons contribute
to the double-exchange interaction through p-d hybridiza-
tion with O-2p electrons, more specifically between the
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FIG. 6. Schematic illustrations of the influence of the tensile

strain on (a) the Mn-3d electronic structures and (b) p-d hybridiza-
tion. (a) Mn-3d states of the as-grown film (tensile-strained) in the
left panel and the membrane (epitaxial-strain-free) in the right panel,
in which the solid and dotted black curves represent the majority-
and minority-spin states, respectively. In the (epitaxial-strain-free)
membrane, Mn-3d states split into the e,, a;,, and eZ states. In the
as-grown (tensile-strained) film, the tensile strain and Jahan-Teller
effect split the e, state into the a; and b, states, and the #,, state
is similarly split into the e and b, states. (b) p-d hybridization in
the zx plane of tensile-strained (left panel) and epitaxial-strain-free
(right panel) LSMO. The red and blue circles represent the Mn and
O ions. The transparent red and blue areas represent the distribution
of the Mn-3d (d32_,2,d,2_,2) and O-2p (py, p;) orbitals, respectively.
The dotted red curves represent the unoccupied d2_,> state. Under
tensile strain, the bond lengths along the x (z) axis are increased
(decreased).

dyo_y and p,/p, orbitals and between the ds._,» and p,
orbitals due to the orbital symmetry. In contrast, in the as-
grown film, the d,>_,» electrons of the b; state mainly cause
the double-exchange interaction via p-d hybridization with
the p,/p, orbitals. The increase in the occupation of the
d;2_,» orbital can cause the enhancement of the perpen-
dicular magnetic anisotropy of the membrane [25,53]. The
tensile strain increases the bonding length between Mn and
O ions in the (001) plane and weakens the p-d hybridiza-
tion, as shown in Fig. 6(b). Therefore, the epitaxial lift-off
strengthens the p-d hybridization. The disappearance of the
tensile strain in the membrane enhances the double-exchange
interaction.

IV. SUMMARY

Using RPES, we have unveiled the mechanism of ferro-
magnetism enhancement in an LSMO membrane released
from an STO substrate. Our RPES measurements on the
as-grown LSMO film and LSMO membrane demonstrate
that the release from the tensile strain caused by the
STO substrate enhances the itineracy of the Mn-3d elec-
trons via the strengthened p-d hybridization between the
Mn-3d and O-2p electrons. The itinerant feature of the
Mn-3d electrons enhances the ferromagnetism via the double-
exchange interaction within Mn3*-O-Mn** in the LSMO
membrane.
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